Receptor complexes of the TGF-␤ family consist of a ligand-binding type II receptor that, following ligand activation, binds to and transphosphorylates the signal transducing type I receptor (Massagué 1996; Heldin et al. 1997) . Experiments in Drosophila and Caenorhabditis elegans identified a family of proteins called SMADs, which are mediators of signals emanating from receptor serine-threonine kinases (RSKs). Studies in mammalian cells have shown that SMAD proteins bind to and are phosphorylated by type I receptors, associate with Smad4, and then translocate to the nucleus and act as cofactors in transcriptional complexes Heldin et al. 1997; Kim et al. 1997; Liu et al. 1997; Yingling et al. 1997) . SMAD-receptor interactions are specific, that is, Smad1 interacts with type I bone morphogenetic protein (BMP) receptors, and Smad2 binds to the type I TGF-␤ receptor (Macias-Silva et al. 1996; Kretzschmar et al. 1997b) .
In contrast to TGF-␤ family ligands, hepatocyte growth factor (HGF) and epidermal growth factor (EGF) signal their responses through transmembrane receptor tyrosine kinases (RTKs) (Pawson 1995; Cantley and Songyang 1997) . Multiple signaling pathways have been identified that originate from these receptors, the most prominent being the Ras pathway, which leads to phosphorylation and activation of the serine-threonine kinase MAPK, which in turn activates several transcription factors. Although some data suggest a cell-specific activation of Ras signaling by TGF-␤ (Yan et al. 1994; Hartsough et al. 1996 ) and a MEKK family member, TAK-1, has been implicated in signaling from TGF-␤ receptors (Yamaguchi et al. 1995) , generalized activation of common pathways by RTKs and RSKs has not been demonstrated.
TGF-␤ can act synergistically with ligands signaling through RTKs in many developmental and biological systems, suggesting that certain intermediates in their signaling pathways might be shared. TGF-␤ was originally identified for its ability to transform normal rat kidney (NRK) fibroblasts in vitro, an effect that was dependent on the presence of EGF (Roberts et al. 1983 ). HGF and TGF-␤ both strongly up-regulate the extracellular protease inhibitors plasminogen activator inhibitor-1 (PAI-1; Keski-Oja et al. 1988; Wojta et al. 1994 ) and tissue inhibitor of metalloproteinases-3 (P. Castagnino and D. Bottaro, in prep.). TGF-␤ can also potentiate scatter of epithelial cells induced by HGF or EGF (Stolz and Michalopoulos 1997) . Similarly, although BMPs oppose the actions of fibroblast growth factor (FGF) in limb bud development (Niswander and Martin 1993) , TGF-␤ or activin can act synergistically with FGF in heart formation (Lough et al. 1996) , chondrogenesis (Frenz et al. 1994) , and myogenesis (Stern et al. 1997 ). The recent demonstration of inhibition of Smad1 signaling by RTKs (Kretzschmar et al. 1997a) suggests that SMAD proteins may play a pivotal role in mediating cross talk between the RSK and RTKs. Here, we sought to determine if SMAD proteins could mediate positive responses from both RTKs and RSKs. We demonstrate that either HGF or EGF can stimulate phosphorylation of endogenous SMAD proteins and that the SMAD signaling pathway, particularly Smad2, plays a role in transmitting activating signals from the RTKs.
Results and Discussion
Smad4 is structurally and functionally unique among the SMADs, acting as an essential component downstream of TGF-␤, activin, and BMP receptors (Lagna et al. 1996; de Caestecker et al. 1997; de Winter et al. 1997; Zhang et al. 1997) . In Smad4 homozygous null MDA-MB-468 cells, introduction of Smad4 is required to elicit a TGF-␤-induced response from the reporter construct 3TP-Lux (Fig. 1A) , which contains 3 TPA-responsive elements and a small portion of the PAI-1 promoter. We sought to determine if Smad4 was also necessary for induction of 3TP-Lux activity following activation of RTKs. In MDA-MB-468 cells, HGF did not induce 3TP-Lux in the absence of Smad4; however, cotransfection of Smad4 restored a response to HGF (Fig. 1A) . EGF induction of 3TP-Lux activity was also Smad4-dependent, but a moderate increase in luciferase activity in the absence of Smad4 suggests that a SMAD-independent pathway also contributes to EGF-induced 3TP-Lux activity. To rule out a role for autocrine or paracrine TGF-␤ in inducing SMAD-dependent reporter activity, cells were treated with HGF or EGF and both total and active TGF-␤ in the culture medium were measured. No active TGF-␤ was detected in the conditioned medium, and total TGF-␤ concentrations did not change following HGF treatment (from 3.6 ng/ml acid-activated TGF-␤ in untreated controls to 2.5 ng/ml in HGF-treated samples), suggesting no additional autocrine or paracrine stimulation. EGF, however, induced a twofold increase in acidactivatable TGF-␤ in the culture medium after 24 hr of treatment (from 3.6 ng/ml untreated to 7.1 ng/ml treated).
To demonstrate that induction of 3TP-Lux luciferase activity was not caused by TGF-␤ induction following HGF or EGF treatment, transiently transfected cells were treated with TGF-␤ neutralizing antibody, which inhibits Smad4-dependent signaling in MDA-MB-468 cells (de Caestecker et al. 1997) . Although this antibody clearly eliminated activation by exogenous TGF-␤, it had no effect on HGF induction of 3TP-Lux (Fig. 1B) . A partial inhibition of EGF-induced signaling was observed, suggesting that some luciferase activity induced by EGF is dependent on up-regulation or activation of TGF-␤ (M.P. de Caestecker, unpubl.) . To further demonstrate the TGF-␤ independence of the HGF response, cells were transiently transfected with a truncated form of the type II receptor for TGF-␤ (DNT␤R-II) lacking the cytoplasmic domain. This construct effectively repressed induction of cotransfected 3TP-Lux reporter activity by TGF-␤, whereas it had no effect on activation induced by HGF (Fig. 1C) . These data suggest a role for the SMAD signaling pathway as a positive effector of HGF and EGF signal transduction and demonstrate that this signal is independent of TGF-␤ and TGF-␤ receptors.
Because Smad4 was found to be essential for reporter gene activation, we sought to determine if endogenous receptor-activated SMAD proteins are phosphorylated following HGF or EGF treatment. In Mv1Lu mink lung epithelial cells treated with TGF-␤, endogenous SMAD phosphoproteins of 58 and 54 kD (presumably Smad2 and Smad3) are immunoprecipitated using affinity-purified antibodies ( Fig. 2A) . In contrast, only a 58-kD band (corresponding to the size of Smad1, Smad2, or Smad5) is recognized in HGFtreated lanes. To rule out activation of TGF-␤ type I receptors leading to SMAD phosphorylation, we performed the same experiment in R1B cells that lack T␤R-I and therefore cannot transmit a TGF-␤-induced signal (Laiho et al. 1990 ). In HGF-and EGF-treated R1B cells, only the 58-kD phosphoprotein is immunoprecipitated ( Fig. 2A) . As with TGF-␤ treatment of other cell types (Lechleider et al. 1996; Nakao et al. 1997 ) phosphorylation is readily evident by 15 min following treatment with HGF or EGF (Fig. 2B,C ), but in contrast to TGF-␤ stimulation, the phosphorylation of SMADs by HGF and EGF is transient, diminishing by 60 min. Differences in the duration of phosphorylation and, hence, activation, may regulate which genes or responses are modulated by SMADs, much like differences in the duration of activation of MEK by different ligands in PC12 cells lead to different phenotypic responses (Traverse et al. 1992) . Phosphoamino acid analysis of this band revealed serine phosphorylation only (data not shown). These data show that an endogenous SMAD protein(s) are phosphorylated by a non-TGF-␤ receptor kinase following stimulation by either HGF or EGF.
HGF and EGF signal in part through the Ras pathway, which leads to activation of the MEKK Raf and ultimately phosphorylation and activation of p42/p44 MAPK by MEK1. We sought to determine whether the SMAD kinase was in the Ras pathway. Pretreatment of R1B cells with the MEK1 inhibitor PD98059 (Coolican et al. 1997) prior to treatment with HGF or EGF diminished the level of phosphorylation of the immunoprecipitated SMAD protein (Fig. 2D) , whereas it had no effect on phosphorylation induced by TGF-␤ in Mv1Lu cells (Fig.  2E ). This indicates that the SMAD kinase(s) activated by HGF and EGF lie downstream of MEK1. Several HGF and EGF responses are also mediated by PI3-kinase activation, which can lead to MAPK activation through Ras-dependent and -independent mechanisms (Rahimi et al. 1996) . Treatment of metabolically labeled cells with the PI3-kinase inhibitor wortmannin (Rahimi et al. 1996) prior to treatment with HGF had no effect on SMAD phosphorylation (data not shown), suggesting that MEK1-dependent phosphorylation of SMAD is not regulated by PI3-kinase in this system. These data suggest that the kinase phosphorylating endogenous SMADs in response to HGF or EGF is downstream of MEK1, although the exact location is not determined.
To determine the SMAD isoform phosphorylated following HGF treatment, COS-1 and R1B (data not shown) or HepG2 ( Fig. 3A ; data not shown) cells transiently transfected with epitope-tagged Smad1 or Smad2 were analyzed by metabolic labeling and immunoprecipitation. Both Smad1 and Smad2 were phosphorylated following HGF treatment.
Because we show a SMAD-dependent activation of HGF signaling pathways, we sought to determine if HGF treatment could lead to Smad1 or Smad2 phosphorylation on the three highly conserved carboxy-terminal serine residues (SSMS) that lead to SMAD activation. These residues have been shown to be phosphorylated by activated type I receptors, and their phosphorylation is essential for signaling (Macias-Silva et al. 1996; Abdollah et al. 1997; Kretzschmar et al. 1997b; . We used mutants lacking these phosphorylation sites [Smad1(3S>A) and Smad2(3S>A)] to determine if HGF could induce phosphorylation on the same residues. Both Smad1 and Smad1(3S>A) were phosphorylated following HGF addition to transiently transfected HepG2 cells (data not shown). In contrast, although phosphorylation was clearly evident on wild-type Smad2, phosphorylation of the mutant Smad2(3S>A) was not observed with either TGF-␤ or HGF (Fig. 3A) , suggesting that these residues are critical phosphorylation or regulatory sites for both ligands.
Phosphotryptic peptide maps of wild-type Smad2 (Fig.  3C) indicated that HGF induced phosphorylation on a subset of TGF-␤-dependent sites (Fig. 3C, spots 1 and 2) , with a single additional phosphopeptide appearing following treatment with TGF-␤ (spot 3). Previously published data (Macias-Silva et al. 1996; Abdollah et al. 1997; Souchelnytskyi et al. 1997) indicate that spot 3 likely represents the SSMS phosphopeptide and that the additional spots represent phosphorylation of other, as yet unidentified, tryptic residues . As there is no inducible phosphorylation of the Smad2(3S>A) mutant following treatment with either ligand (Fig. 3A) , these data indicate that the SSMS motif is necessary to enable phosphorylation of these additional tryptic sites (spots 1 and 2) following treatment with TGF-␤ or HGF.
To demonstrate that Smad2 could directly transmit an HGF-induced signal, we used a Gal4 fusion reporter system. In this system Gal4-Smad2 is activated by treatment with TGF-␤ . HGF or TGF-␤ treatment of HepG2 cells transiently transfected with the Gal4-Smad2 caused a reproducible increase in luciferase activity, indicating that Smad2 was activated (Fig.  4A) . Cotransfection with DNT␤R-II nearly eliminated the induction by TGF-␤ but had no effect on HGF-induced activity. Similarly, induction by TGF-␤ was blocked by TGF-␤-neutralizing antibody, but the response to HGF remained unchanged, confirming that the response was not due to activation or secretion of TGF-␤ (Fig. 4B ). To determine if we could block HGF-induced 3TP-Lux reporter gene activation, we used the dominant inhibitor Smad2(3S>A). In R1B cells, transfection of Smad2(3S>A) significantly reduced reporter gene activity induced by HGF, but wild-type Smad2 had no effect (Fig. 4C ).
To determine if HGF could induce SMAD nuclear translocation, we transiently transfected HepG2 cells with Flag-tagged Smad2, treated the cells with either TGF-␤ or HGF, and observed intracellular localization by indirect immunofluorescence microscopy. Smad2 clearly translocated to the nucleus in cells treated with either HGF or TGF-␤ (Fig. 5) , whereas the Smad2(3S>A) mutant showed no increase in nuclear staining with either HGF or TGF-␤, as expected. Likewise, neither cotransfection with DNT␤R-II nor treatment with TGF-␤-neutralizing antibodies affected the magnitude of nuclear translocation induced by HGF but greatly reduced nuclear translocation following TGF-␤ treatment (data not shown). The magnitude of translocation observed in these cells with HGF treatment was always smaller than that observed following TGF-␤ stimulation, indicating that the absolute level of Smad2 activation by HGF may not be as great as with TGF-␤. Similarly, the magnitude of the maximal response in the Gal4 heterologous activation assay was ∼20-fold higher following TGF-␤ versus HGF treatment. This suggests a regulatory mechanism for transcriptional activation whereby levels of SMAD activation play a role in determining which subset of target genes are induced.
These data suggest that SMAD proteins can signal responses from both TGF-␤ family RSKs and HGF and EGF. The initial observation that Smad4 is a necessary component of the signaling pathway leading to activation of the reporter 3TP-Lux by HGF or EGF is somewhat surprising, as the three potential AP-1 binding sites were presumed to be activated independent of SMAD pathways. This suggests that SMAD proteins may be more general partners in transcriptional activation than previously thought, or that activation of these sites may be context specific.
The identity of the Smad1 and Smad2 kinase(s) remains to be determined definitively. ERK2 can phosphorylate Smad1 in the middle-linker region in vitro, but whether this occurs in vivo is not yet known (Kretzschmar et al. 1997a ). The corresponding sites are not present in Smad2. Inhibition of SMAD phosphorylation by PD98059 suggests that the SMAD kinase activated by HGF lies downstream of MEK1, but whether it is likewise downstream of ERK1 or ERK2 remains to be determined. Similarily, the TGF-␤ type I receptor is not responsible for Smad2 phosphorylation by HGF or EGF, as this phosphorylation is evident in R1B cells, which lack type I receptors. We cannot rule out that other TGF-␤ family members or receptors might mediate the results observed.
Mutant phosphorylation site studies and tryptic phosphopeptide mapping of Smad2 indicates that treatment with HGF induces phosphorylation of a subset of sites (Fig. 3B , spots 1 and 2) that are also phosphorylated following treatment with TGF-␤. Phosphorylation of these sites is sufficient to enable nuclear translocation and transcriptional activation of Smad2 following treatment with HGF. Our findings that phosphorylation of Smad2 by HGF or TGF-␤ is dependent on the SSMS are compatible with the functional data demonstrating dominant inhibitory effects of the Smad2(3S>A) mutant on HGF and TGF-␤ signaling. Phosphorylation of spots 1 and 2 is likely mediated by a kinase other than T␤R-I and suggests that regulation of Smad2 signaling is more complex than identified previously.
Our data suggest a model where some of the transcriptional effects of HGF, and likely EGF and other ligands, are mediated by Smad2. The magnitude of the response was consistently lower following treatment with HGF as compared to TGF-␤, suggesting that Smad2 activation by HGF may serve to activate only a subset of genes responsive to this protein. This supports the observations that some, but not all, of the biological activities observed with these two ligands overlap. Taken together with the recent observations about Smad1 phosphorylation, these data suggest a complex set of regulatory mechanisms. Smad1 activation by HGF likely inhibits Smad1 function, leading to prevention of BMP-regulated responses (Kretzschmar et al. 1997a ). However, HGF activates Smad2, which may act synergistically or additively with signals emanating from TGF-␤ receptors to cause specific responses. This cross talk between RTK and RSK signaling pathways has important implications in development, normal physiology, and pathology. These observations provide an initial framework for understanding the complex interplay of signaling cascades that are generated from both classes of receptors.
Materials and methods

Cell lines and constructs
MDA-MB-468, Cos-1, HepG2, Mv1Lu, and Mv1Lu clone R1B (a gift from Dr. J. Massagué , Memorial Sloan-Kettering, New York, NY) were maintained in Dulbecco's modified Eagle medium with 10% FBS and antibiotics. Cells were transfected with the constructs indicated using LT-2 (PanVera Corp.), Lipofectamine (Life Technologies), or Superfect (Qiagen) according to the manufacturers instructions. Wild-type and mutant forms of Smad1 and Smad2 were generated by PCR as necessary and cloned into the appropriate vectors. DNT␤R-II was created by cloning the extracellular and transmembrane domains (amino acids 1-191) of human T␤R-II into pCDNA3.
Luciferase assays
For 3TP-Lux reporter assays, MDA-MB-468 cells were transfected with 3TP-Lux and pTK-␤-gal with or without pCDNA3-Smad4 as indicated. Twenty-four hours after transfection, cells were switched to 0.2% serum for 16 hr and then treated with the biologically active form of HGF, NK-1 (Cioce et al. 1996 ) (referred to as HGF throughout the text), EGF, or TGF-␤ for 20 hr. Cells were lysed and luciferase and ␤-gal activity determined as described (de Caestecker et al. 1997) . For dominant inhibitory experiments, R1B cells were transfected and treated as above with the indicated constructs. For Gal4 reporter assay experiments, Gal4-SMAD fusion constructs were transfected with the Gal4 reporter pG5-E1B into HepG2 cells, and luciferase activity was determined. Antibody blocking experiments used 50 µg/ml of a TGF-␤ inhibitory antibody (ID11, Genzyme) that blocks all three mammalian isoforms added 1 hr prior to ligand addition. All luciferase values are corrected for transfection efficiency with ␤-galactosidase. Statistical significance was determined by two-tailed paired t-test.
Metabolic labeling
Mv1Lu or R1B cells were labeled for 3 hr with [ 32 P]orthophosphate, treated with ligand for 20 min or as indicated, and lysates immunoprecipitated using the pan-specific anti-SMAD antibody 367 as described (Lechleider et al. 1996) . COS-1, R1B, or HepG2 cells were transiently transfected with the indicated constructs and split into equal aliquots before labeling with [ 32 P]orthophosphate. Labeled lysates were immunoprecipitated with the monoclonal anti-Flag antibody M5 (Kodak). The MEK1 inhibitor PD98059 (NE Biolabs) or DMSO vehicle was added to the indicated lanes 1 hr prior to ligand addition. Immunoprecipitated phosphoproteins were separated by denaturing gel electrophoresis and detected by autoradiography. Equal loading was determined by immunoblotting using the M5 antibody following the manufacturers directions. Phosphopeptide mapping was performed as described (Macias-Silva et al. 1996) with electrophoresis in pH 1.9 buffer. All phosphorylation experiments were repeated at least twice with similar results.
Indirect immunofluorescence
HepG2 cells were transiently transfected in chamber slides, serum starved overnight, and treated for 2 hr with the indicated ligand. Following treatment, cells were fixed in 2% paraformaldehyde, permeablized in ice-cold methanol, and incubated with M5 antibody overnight at 4°C, followed by incubation with goat anti-mouse FITC secondary antibody and mounting in medium containing DAPI. Cells were visualized with a Zeiss immunofluorescence microscope. Percent nuclear localization represents 100 cells counted at high power by a trained observer blinded as to the construct transfected and the treatment. Cells shown are representative, and quantitation is representative of two experiments.
TGF-␤ bioassay
MDA-MB-468 cells were cultured in 0.2% serum with or without ligand. Supernatants were collected after 24 hr of treatment and the amount of TGF-␤ determined by bioassay as described (Abe et al. 1994) . TGF-␤ values were determined before and after acid activation of supernatants using concentrated HCl. Values represent the average of three determinations.
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